Fever predicts clinical outcomes in sepsis, trauma and during cardiovascular stress, yet the genetic determinants are poorly understood. We used an integrative genomics approach to identify novel genomic determinants of the febrile response to experimental endotoxemia. We highlight multiple integrated lines of evidence establishing the clinical relevance of this novel fever locus. Through genome-wide association study (GWAS) of evoked endotoxemia (lipopolysaccharide (LPS) 1 ng/kg IV) in healthy subjects of European ancestry we discovered a locus on chr7p11.2 significantly associated with the peak febrile response to LPS (top single nucleotide polymorphism (SNP) rs7805622, P = 2.4 × 10 −12 ), as well as with temperature fluctuation over time.
Introduction
Fever is a critical component of inflammation and host defense, and temperature homeostasis is tightly regulated in humans.
Both hypo-and hyperthermia have been associated with adverse outcomes in acute inflammatory events including trauma, sepsis (1, 2) and cardiovascular disease (3, 4) . Increased body temperature may slow the growth and reproduction of bacteria and viruses, and activate the heat-shock response, protecting against pathogenic infections (5) , but an uncontrolled fever may itself be pathogenic. Mutations involved in rare familial fever disorders have been identified (6) , however, common genetic variation underlying fever in the general population has not been described. Novel genetic determinants of fever may reveal biological processes of clinical importance particularly in the context of sepsis, trauma or myocardial infarction (MI).
The bacterial-derived endotoxin lipopolysaccharide (LPS) is a powerful pyrogen, and triggers fever through toll-like receptor 4 (TLR4) signaling, and downstream peripheral activation of inflammatory cytokines, and cyclooxygenase 2 (COX-2) mediated production of prostaglandin E2 (PGE 2 ) (7, 8) . Multiple tissues and systems maintain temperature homeostasis through peripheral cues affecting the brain temperature set-point, and signaling through the sympathetic nervous system to effector tissues (muscle, brown adipose, vasculature and skin) to alter thermogenesis and heat loss (9) . Thus, genetic modulation of fever-related signaling in several cell-types and tissues may affect the ability to mount an effective febrile response.
In the Genetics of Evoked Responses to Niacin and Endotoxemia (GENE) study, we applied experimental endotoxemia (LPS) in 294 healthy individuals of European ancestry (EA) and African ancestry (AA) as a controlled model of activation of innate immunity and evoked inflammation and fever (10, 11) . The response to LPS has been well described and characterized as a febrile illness (10, 12) . We examined the genomic determinants of the temperature response to LPS through genome-wide association study (GWAS) and identified a fever-associated intergenic region on chromosome 7p11.2 in EA individuals. We replicated this GWAS association in an independent human endotoxemia experiment (Fenofibrate and Omega-3 Fatty Acid Modulation of Endotoxemia, FFAME study). In clinical translation, we established preliminary clinical relevance of this 'febrile-response' region and mortality in established cohort studies of trauma and sepsis. Through bioinformatics as well as cell and rodent studies, we identified several candidate genes that may mediate the effect of this thermoregulatory locus. These candidate genes are LPS-and cold-modulated in vivo and in vitro, with evidence of genotype-specific expression. Thus, we establish the 7p11.2 genomic region as a novel fever locus of clinical relevance and uncover a cluster of potential candidate genes for thermoregulation in humans.
Results

GWAS of temperature response to endotoxin
We performed GWAS for body temperature response following evoked endotoxemia in EA GENE study participants (n = 175, Table 1 ). We analyzed 574 042 genotyped single nucleotide polymorphisms (SNPs), and 7 043 028 imputed SNPs after quality control (QC) filtering (Affy 6.0 with 1000G-imputation, see Supplementary Material, Methods). While at baseline ( pre-LPS) no SNPs were significantly associated with temperature ( Fig. 1A) , we detected a genome-wide significant peak on chromosome 7p11.2 for the change from baseline to peak temperature (3.5 h post-LPS) in response to evoked endotoxemia (the top SNP rs7805622 was directly genotyped, P = 2.4 × 10 −12 ) (Fig. 1B) . Minor allele carriers of rs7805622 had significantly higher peak temperature (by ∼0.5°C) than major allele homozygotes and also had greater temperature fluctuation over time (Fig. 2A) . In post-hoc analysis, there were significant differences in temperature by rs7805622 genotypes at a number of times including a lower temperature for minor allele carriers at the nadir, 6.5 h post-LPS, (P = 0.008). Overall, 13 genotyped SNPs in the 7p11.2 region reached genome-wide significance (P < 5 × 10 −8 ) for the change in temperature (Supplementary Material, Table S1 ). No imputed SNP reached a higher level of significance than the top genotyped SNP (best imputed SNP rs2329502 P = 5.85 × 10 −11 ; 88 imputed SNPs reached genome-wide significance). There was no association between any SNPs and either baseline or change in temperature in AA participants; however, consistent with HapMap and 1000Genomes data, the minor allele frequency of rs7805622 in AA was lower (3% in AA versus 16% in EA). Coupled to smaller AA sample size (n = 96), which meant we were somewhat underpowered to detect an association (∼75% power at 5% significance level to detect a similar effect as that observed in EA individuals; using Genetic Power Calculator http://pngu.mgh.harvard.edu/ purcell/gpc/qtlassoc.html, last accessed on October 2014 (13, 14) ), and differences in linkage disequilibrium (LD) structure between EA and AA in this region (Supplementary Material, Figs S1 and S2), our ability to interrogate this temperature locus in AA was limited. No SNPs in any known familial fever genes (6) reached significance with baseline or change in temperature.
There were modest association between 7p11.2 SNPs and plasma tumor necrosis factor alpha (TNFα), interleukin-6 (IL-6) and interleukin-1 receptor agonist (IL-1RA) responses to LPS in GENE study participants (strongest P = 0.001 for IL-6), although none of the SNP-associations reached genome-wide significance. While not excluding a role in local, cell-specific modulation of cytokine signaling, these data suggest that circulating cytokines are unlikely to mediate the stronger observed influence of this locus on fever.
Replication of association in an independent sample
We genotyped our top candidate SNP in an independent LPS study (FFAME, N = 80). Only one subject was homozygous for the minor allele, so this subject was grouped with the minor allele heterozygotes for analysis. The dose of LPS given in FFAME was slightly lower than that given in GENE (0.6 versus 1 ng/kg) and thus the peak fever response in FFAME was somewhat lower and delayed relative to GENE. In EA participants (n = 53), we observed significantly higher temperature 4 h post-LPS (onesided P = 0.03) as well as at several other time-points post-LPS (e.g. 8.5 h post-LPS, one-sided P = 0.002) in minor allele carriers of rs7805622 (n = 10) in a pattern that was highly consistent with that observed in GENE participants ( Fig. 2B and C) . As this trial involved therapeutic interventions, we controlled for the treatment group in the analysis.
Clinical relevance of the 7p11.2 temperature locus in trauma and sepsis patients
Temperature regulation is an important homeostatic component of the host response in numerous pathologies, including trauma and sepsis, where extremes of hypothermia and fever influence outcomes (1) . Hypothesizing that the 7p11.2 temperature locus identified experimentally in the GENE study would impact clinical responses during trauma and sepsis, we examined the influence of this locus on temperature responses and death in EA individuals enrolled in both the University of Pennsylvania (UPenn) Trauma cohort (n = 210) and the UPenn Molecular Epidemiology of Severe Sepsis in the ICU (MESSI) sepsis cohort (n = 151). Our focus was on EA patients because our discovery in GENE was observed only in EA individuals. The top genotyped SNP at the locus, rs7805622, was associated with differences in the peak temperature following trauma. Although the directionality was in the opposite direction to the peak temperature following LPS in the GENE study, this finding supports the pattern of dynamic bidirectional association between this allele and temperature observed in both the GENE and FFAME discovery and replication samples (Supplementary Material, Results). In EA participants of both the UPenn trauma study and the sepsis study, there were trends toward a higher rate of death with the rs7805622 variant. In both trauma and sepsis, the overall rate of death in rs7805622AA individuals was approximately double that of major allele carriers (43 versus 12% in trauma, and 38 versus 23% in sepsis) ( Table 2 ). Although the number of deaths was small and the association only reached statistical significance in the trauma study (P = 0.047), the trend was consistent across both UPenn studies, and was significant also in meta-analysis of both studies (P = 0.046; using Fisher's combined probability trend test). These data provide supportive evidence for the clinical significance of the 7p11.2 temperature locus. Genome-wide association analysis of baseline temperature and change from baseline to peak in EA GENE study participants. As shown in the Manhattan and QQ plots, there were no genome-wide significant signals at baseline (A) but there was a highly significant signal on chromosome 7 for the peak-change in temperature following LPS (B). We screened eQTL associations for all 13 genome-wide significant 7p11.2 fever SNPs. While multiple of these SNPs had significant eQTL associations, consistent with moderate-strong LD between these 13 SNPs, we present findings (Table 3) for the top GWAS fever SNP (rs7805622) as well as a genome-wide significant SNP (rs7781869, P = 8.98 × 10 −12 for fever; r 2 = 0.36 with rs7805622 in 1000G Phase 2 EUR) with the strongest eQTL association signals (Table 3 and below). In HapMap3 lymphoblastoid cells (15) , a number of clustered genes were differentially expressed by genotype at SNPs in our 7p11.2 fever locus. This cluster included SUMF2, CCT6A, in FFAME replication sample, compared with equivalent presentation in original GENE discovery sample for comparison (C). Minor allele carriers (triangle and circle) had a higher peak temperature response than major allele homozygotes (square) with more dynamic fluctuations in temperature over time following endotoxin administration.
(A) ***Genome-wide significance; *Significance (P < 0.01). (B and C) *Significance (one-sided P < 0.05). d The best SNP has high LD (>0.8) with either of the top GWAS SNPs. *P < 0.05; **P < 0.01; ***P < 0.05. CHCHD2, GBAS, MRPS17, PSPH and ZNF713 ∼400 kb upstream of the 7p11.2 locus (see Supplement Material, Fig. S1 ). In monocytes of 1490 individuals (16), we again observed significant cis-eQTL between 7p11.2 SNPs and SUMF2 gene expression. In large datasets for liver (n = 956), omental adipose (n = 742) and subcutaneous adipose (n = 610) (17, 18) we confirmed the eQTLs for CCT6A, CHCHD2, GBAS, MRPS17, PSPH, SUMF2 and ZNF713. While none of the 7p11.2 locus fever SNPs were significant eQTLs in GTEX datasets (19) (not shown), GTEX dataset sample sizes for each tissue are substantially smaller (n < 200) than the lymphoblastoid, monocyte, liver and adipose resources that we interrogated above.
We used the same eQTL datasets to query the strongest eSNP for each of the seven candidate genes (Table 3) . Notably, the strongest eQTL SNP for PSPH in lymphoblastoid cells (rs7781869; P = 9.8 × 10 −5 ) was itself one of the 13 genome-wide significant 7p11.2 fever SNPs (P = 8.98 × 10 −12 for fever). The strongest eQTL SNP for several genes in subcutaneous and omental adipose (rs4591982, CCT6A, MRPS17, PSPH) is located in the top fever SNP region, was also genome-wide significant for fever (imputed SNP, P = 6.97 × 10 −10 ) and is in high LD with rs7781869 (r 2 = 0.82).
While SNPs located within the gene cluster had stronger effects on expression levels than the 7p11.2 fever locus SNPs for some genes, e.g. CHCHD2 (Table 3) , several of these top eQTL SNPs located in the gene cluster had nominally significant associations with fever (Supplementary Material, Table S2 ) (e.g. rs10800 located in the 3′ UTR of SUMF2, the strongest eQTL for SUMF2 in subcutaneous fat; P = 8.8 × 10 −5 for peak fever in GENE). There is moderate LD (all r 2 's < 0.4) between the top 13 fever 7p11.2 SNPs and the top eQTL SNPs in the gene cluster region (e.g. Supplementary Material, Fig. S1 , rs7805622 regional LD using 1000G Phase 2 EA data; this is representative for all 13 fever 7p11.2 locus SNPs). We performed conditional analyses between our lead GWAS SNP (rs7805622) and each of several eQTL SNPs (for genes in the upstream cluster) in order to explore independence of their associations with LPS-evoked fever (Supplementary Material, Results and Table S4 ). First, we conditioned the lead GWAS SNP (rs7805622) on the top eQTL SNP (rs7781869) for PSPH (in lymphoblastoid cells). Inclusion of rs7781869 greatly attenuated the association of rs7805622 with fever (2.4 × 10 −12 to 0.001) while the rs7781869 association with fever was lost in this conditional analysis (8.9 × 10 −12 to 0.09). This might suggest that the association signals are not independent of each other perhaps reducing the possibility of coincidental overlap. However, given the LD between these SNPs (r 2 = 0.36), which could introduce multicolinearity into the model, we interpret these data with caution. We also conditioned our lead GWAS SNP (rs7805622) on two other top eQTL SNPs, not in LD with the top GWAS SNP (rs12668532, top eQTL SNP for SUMF2 in monocytes; and rs6593296, top eQTL SNP for CHCHD2 in monocytes). Inclusion of rs12668532 (the top eQTL SNP for SUMF2 in monocytes) with our lead GWAS SNP (rs7805622) led to slight attenuation of association of rs7805622 with fever (2.4 × 10 −12 to 5.2 × 10 −8 ) while a modest association of rs12668532 with fever was completely attenuated (0.001-0.8) when analyzed with rs7805622. Thus, these two SNPs may not be independent of each other in their relation to fever and in this case are not in LD eliminating concerns regarding model multicolinearity. Inclusion of rs6593296 (the top eQTL SNP for CHCHD2 in monocytes) with rs7805622 had no impact on the association of rs7805622 with fever while rs6593296 itself had no association with fever. Thus, rs7805622 appears to act on fever independently of the top CHCHD2 eQTL SNP (rs6593296). Because rs6593296 itself has no association with fever, it appears that some genes (e.g. CHCHD2) in this eQTL gene cluster are less likely to be involved in the GWAS signal for fever. While we cannot exclude a coincidental overlap between eQTL SNPs and the genome-wide significant 7p11.2 fever locus SNPs, the observed eQTL combined with the LD and eQTL SNP fever-association patterns in this regions are suggestive of a regulatory function (e.g. enhancer) at the 7p11.2 locus acting through expression of one or more of the upstream gene cluster in mediating the association with fever.
Expression of SUMF2, CCT6A and GBAS is regulated by experimental endotoxemia
In order to prioritize specific candidate genes, we examined, in vivo in GENE participants, LPS-modulation of expression of each eQTL gene identified for the 7p11.2 temperature locus. RNASeq data from GENE study subjects were analyzed, before and after LPS, from whole blood (n = 10) and peripheral blood mononuclear cells (PBMCs) (n = 2). In blood (Fig. 3A) , SUMF2 expression was reduced by ∼50% (P < 0.0001), CCT6A by ∼60% (P < 0.0001) and GBAS by ∼18% (P = 0.05). In PBMCs (Fig. 3B) , SUMF2 was reduced by ∼18% (P = 0.02), CCT6A by ∼26% (P = 0.02) and GBAS by ∼70% (P = 0.003). Figure 3 . Amongst the candidate genes from eQTL analysis, SUMF2, CCT6A and GBAS are LPS-regulated in selective GENE study participants at RNASeq. (A) Blood RNASeq data were generated for 10 GENE study individuals and (B) PBMC RNASeq data in two participants. SUMF2 was significantly down-regulated by LPS in blood (A, P < 0.0001) and PBMC (B, P = 0.02). CCT6A was similarly down-regulated in blood (A, P < 0.0001) and PBMCs (B, P = 0.02). GBAS expression was reduced slightly in blood (A, P = 0.05) and was considerably down-regulated in PBMCs (B, P = 0.003). ***P < 0.001; *P < 0.05.
In independent support of the GENE study findings, SUMF2 expression was reduced in whole blood (by ∼80%, P = 0.0007; n = 6) in a separate moderate-dose LPS study (20) . These data suggest tissue-specific LPS-regulation of several of these candidate genes for the 7p11.2 fever locus.
Expression of candidate genes is regulated by LPS and cold exposure in human genotype-specific adipose stromal cells Using human adipose stromal cells (ASCs) obtained from GENE study subjects, we explored differences in gene expression by genotype at rs7805622 in response to 24-h LPS treatment (100 ng/ml) or cold exposure (31°C), an established peripheral thermoregulatory probe (21) . In four cultured ASC lines (1 AA, 1 AG and 2 GG at rs7805622), expression of several genes, particularly PSPH, increased with LPS and cold exposure, and appeared to differ by genotype, with rs7805622AA cells having a significant increase in expression 4-h post-LPS compared with G allele carriers (P < 0.01) (Fig. 4A and B ). There were also significant LPSinduced changes by genotype in ZNF713 (4-h post-LPS, P < 0.0001) and SUMF2 (1-hour post-LPS, P < 0.01), with increased expression in AA but not AG or GG (P values derived from unpaired T-test). Although there is only moderate LD between rs7805622 and the top eQTL SNP (rs7781869) in the overall population, the genotypes for rs7805622 and rs7781869 were identical within these four subjects.
Expression of candidate genes is regulated by cold exposure in mice
We examined expression of the eQTL-identified candidate genes in multiple tissues from mice exposed to cold (5°C) for 6 days versus mice maintained at 28°C. Several genes, including Psph, Chchd2, Gbas, Mrps17, Cct6a and Sumf2 (located on a syntenic block on mouse Chr5qG1.3) were markedly up-regulated in subscapular brown adipose tissue (BAT), slightly up-regulated in inguinal white adipose tissue (iWAT) but not in any other tissue in response to cold (all P < 0.0001 for BAT; <0.05 for WAT, P values from unpaired T-test) indicating potential roles in the peripheral thermogenesis arm of thermoregulation. As a hypothesized null control, there was no change in expression of Phkg1, also located in the human 7p11.2 and mouse 5qG1.3 region but not a significant eQTL gene for the temperature locus (Fig. 5A-G) . As expected, several genes with established roles in BAT thermogenesis (e.g. Ucp1, Cidea, Cox8b) were modulated by cold stress in BAT (data not shown).
Discussion
Through genomics of experimental endotoxemia in healthy EA individuals, we identified a genome-wide significant association between intergenic SNPs on chromosome 7p11.2 and the LPSinduced febrile response. This locus had no association with basal temperature, highlighting the importance of studying the evoked phenotype, as has been suggested for inflammatory pathophysiologies (22, 23) . Further, SNPs at the locus were only weakly related to LPS-induced plasma cytokine responses in the same individuals, suggesting that the 7p11.2 genomic region may influence thermoregulation independent of the systemic cytokine response. We replicated the association in an independent endotoxemia experiment even at a lower dose of LPS. We extended the association to clinically important settings by demonstrating associations with temperature change and death in preliminary clinical translation in cohorts of patients with trauma and sepsis. Through LD interrogation and eQTL analyses in multiple relevant tissues we identified a number of genes in cis ∼400 kb from the GWAS locus with significant expression differences by genotype at our top GWAS SNPs. Three of these genes, SUMF2, CCT6A and GBAS were LPS-regulated in vivo in the GENE study sample. Further, several genes, including PSPH, were regulated by LPS or cold exposure in vitro in ASCs in a genotype-specific manner, as well as being regulated in BAT by cold exposure in vivo in mice, thus providing candidates that require further functional and clinical focus in follow-up.
The febrile response is a crucial component of host adaptation, clinical course and survival during acute pathogenic stress and physical trauma. Body temperature is tightly regulated, in part via inflammatory prostaglandin signaling. Fever can be induced by peripheral circulating PGE 2 as well as PGE 2 produced within the brain in response to cytokine signaling (24, 25) . The relative importance of PGE 2 production in the brain versus the periphery is not fully understood and may relate to different phases of the febrile response (8) . Neuronal signaling mediates temperature changes via increased thermogenesis in BAT, shivering thermogenesis in skeletal muscle, and cutaneous vasoconstriction to reduce heat loss (26) . Individual variation in the ability to mount a febrile response may have major consequences in the context of acute illnesses such as sepsis or trauma, yet common genetic variation impacting febrile responses in the general population has not been described. There may also be consequences in the context of cardiometabolic disease, e.g. fever during or following MI is associated with worse outcomes (27) .
The human endotoxemia model allows for the precise interrogation of inflammatory mediators and responses in a controlled setting. Despite the modest sample size, we identified and replicated a striking association of LPS-induced temperature response with a locus on 7p11.2. While a difference by genotype at this locus was completely absent for resting temperature, interrogation of dynamic responses during the LPS provocation revealed the association; arguably, this evoked physiology is more informative for the relevant clinical pathophysiologies and disease than resting temperature. The minor allele at the top 7p11.2 SNP (rs7805622A) was related to peak temperature following LPS in the GENE study but also appeared to modulate dynamic temperature fluxes over time including the nadir temperature post-LPS. Remarkably, both the direction and temporal pattern of association of the rs7805622A allele with temperature were replicated in the independent FFAME study. Thus, genomic variation in the 7p11.2 region may modulate dynamic temperature fluctuations during infection and inflammatory stress.
The top 7p11.2 SNPs are located in and close to novel lincRNAs (RP11-760D2.1, RP11-760D2.5) of unknown function. While lincRNAs are currently receiving substantial attention for their potential functional roles in regulation of gene expression and cellular processes (28) , little is known yet of the biological roles of this class of non-coding RNAs. We were unable to determine whether the 7p11.2 lincRNAs have any functional relevance. Indeed, they lack conservation or synteny with lincRNAs in mice and appear to be expressed in testes in human but no other tissue of relevance to fever and thermoregulation. Furthermore, it is possible that the SNPs at 7p11.2 exert enhancer and regulatory effects on surrounding genes, independent of any potential functions of the lincRNAs. Indeed, the eQTL signals (in multiple fever-relevant tissues) for the upstream gene cluster (SUMF2, CCT6A, GBAS, CHCHD2, ZNF713, MRPS17 and PSPH) suggest that the 7p11.2 locus (29) might act on fever via one or more of the eQTL genes. In particular, the top eQTL SNP for PSPH in lymphoblastoid cells (rs7781869) was amongst the genome-wide significant 7p11.2 SNPs for fever (P = 8.98 × 10 −12 ). Yet, which of the genes in this
cluster is important and in what capacity, i.e. the pre-febrile response to pyrogens in leukocytes, or alternatively in an effector role in neurons, BAT, skeletal muscle or skin remains to be elucidated. As the eQTL candidate genes are clustered together, and may be co-regulated, it is also possible that more than one of these genes have functional relevance, consistent with nonrandom functionally related gene clustering in eukaryotes (30) . However, we highlight PSPH as a gene prioritized in the eQTL findings, as well as in the in vitro and in vivo analysis. Furthermore, it appears that BAT may be a promising target tissue for further functional studies. PSPH (phosphoserine phosphatase), highlighted through eQTL analyses, and which had differential expression by 7p11.2 genotypes in human ASCs in response to LPS and cold (the rs7805622 minor allele associated with greater temperature fluctuations had higher PSPH expression in response to cold and LPS), also was the most up-regulated of the eQTL genes in mouse BAT in response to cold. PSPH, which is linked to the neurodevelopmental disorder Williams syndrome (31) , is rate-limiting for -serine production, which together with glutamate is a key signaling molecule in the brain (32) . Serine is linked to fever inhibition in rabbits (33) , making this gene an attractive biological candidate for further study in both central and peripheral aspects of thermoregulation. At deep RNASeq in GENE study samples, expression of sulfatase modifying factor 2 (SUMF2) was regulated by LPS in blood and PBMCs and was identified in the eQTL analysis in multiple tissues. SUMF2 interacts with interleukin-13 (IL-13), a cytokine associated with allergic inflammation, and its expression in lymphocytes was shown to inhibit secretion of IL-13 (34) . IL-13 promotes activation of alternative M2 monocyte/macrophages, thereby inhibiting pro-inflammatory cytokines and chemokines (35) . Thus, 7p11.2 locus modulation of SUMF2 expression and downstream IL-13 secretion might impact the fever response during endotoxemia, sepsis and trauma. Of the other candidate genes, several are localized to mitochondria, e.g. GBAS, CHCHD2 and MRPS17 (36) . Given the importance of mitochondria in oxidative phosphorylation and thermogenesis, these genes are also candidates for the effector phase of the febrile response in mitochondria-rich tissue such as skeletal muscle and brown adipose. We acknowledge, however, that we cannot exclude a coincidental overlap between eQTL SNPs and the genome-wide significant 7p11.2 fever locus SNPs. These regional eQTL findings are correlative and do not infer causality for gene(s) in the upstream cluster.
Our study had several strengths. Despite a relatively small sample size, we detected a strong signal for LPS-induced fever that was not apparent at rest, highlighting the power of the evoked model and analysis of dynamic data as reported also by others (22, 23) . We replicated this finding in a smaller endotoxemia experiment even at a lower dose of LPS. Importantly, we demonstrated potential clinical importance through our finding that the 7p11.2 locus had nominal associations with both temperature and death in patients with trauma and sepsis. Several large tissue expression datasets were interrogated to uncover eQTLs for our top SNPs and to identify genes with differential expression in tissues of biological relevance to temperature homeostasis. In support of specific eQTL genes, we demonstrated their in vivo LPS-regulation (RNASeq and microarray) in two independent endotoxemia studies. Furthermore, several eQTL candidate genes displayed in vitro genotype-specific regulation by LPS and cold and were modulated in BAT in vivo during cold stress in mice suggesting a potential role for the locus and these genes in modulating peripheral thermogenesis. While we highlight a cluster of novel candidate genes with supporting evidence and potential mechanisms for a subset, we have yet to definitively implicate a single gene specifically or define the exact cell or tissue mediating the fever phenotype at the 7p11.2 locus. Larger studies and further elucidation of underlying mechanisms will define clinical utility and therapeutic potential in the treatment of trauma, sepsis, resuscitation and possibly chronic inflammatory diseases.
Materials and Methods
Clinical studies
The GENE study: human low-dose endotoxemia The GENE study recruited healthy individuals (N = 294, 52% female, 65% EA, 35% AA) ancestry to a UPenn inpatient Clinical and Translational Research Center (CTRC) protocol as previously described (11) . Participants completed an endotoxin challenge (1 ng/kg E coli-derived LPS; US standard reference, lot no. CCRE-LOT-1+2, Clinical Center, Pharmacy Department at the National Institutes of Health, Bethesda, MD) (11, 37) . Multiple clinical variables were assessed during the visit, with temperature recorded every 30 min for the first 8-h post-LPS and hourly thereafter. The GENE study was approved by UPenn's Institutional Review Board (IRB), with regulatory oversight by the FDA (LPS: IND# 5984) and an NIH-appointed data-safety and monitoring board. All subjects provided written informed consent.
The FFAME study: human very low-dose endotoxemia The FFAME study recruited healthy individuals (N = 80, 65% EA, 20% AA, 15% Asian ancestry) to a UPenn CTRC evoked endotoxemia protocol (0.6 ng/kg LPS) following a 6-8 week double-blind placebo-controlled intervention with fenofibrate or long-chain omega-3 polyunsaturated fatty acids (n − 3 PUFA) as described (38) . Temperature was recorded every 30 min for the first 8-h post-LPS and hourly thereafter. This study was approved by the UPenn IRB and all participants provided written informed consent.
The UPenn LPS study: human moderate-dose endotoxemia Healthy volunteers were studied as reported (20, 37, 39) . Subjects completed an endotoxin challenge (3 ng/kg LPS), with serial blood samples collected. Microarray analysis was carried out in a subset of participants in blood (n = 6). This study was approved by the UPenn IRB, and written informed consent was provided by all participants.
The UPenn Major Trauma Cohort study and MESSI study Trauma and sepsis subjects were recruited after admission to the Hospital of the University of Pennsylvania (HUP) intensive care unit (ICU), as previously described (40,41) (and Supplementary Material, Methods). Clinical and demographic data were abstracted from the electronic medical record, and hospital mortality determined for all subjects. Peak and nadir temperatures for the first 24 h of hospitalization were recorded. Subject characteristics are summarized in Table 2 . Informed consent was obtained from patients or their proxies by trained study personnel.
Genotype-specific adipose stromal cell studies Fresh adipose tissue was obtained by needle aspiration from GENE study subjects and ASCs generated as described in the Supplementary Material, Methods. ASC lines from young healthy male volunteers, selected by genotype at rs7805622 (AA n = 1, AG n = 1, GG n = 2), were cultured to confluence, and either treated with 100 ng/ml LPS, subjected to cold (incubator set at 31°C) or maintained at 37°C for 24 h. All conditions were performed in triplicate. Cells were harvested for RNA extraction using Trizol reagent (Life Technologies, Foster City, CA).
Mouse studies
Wild-type male mice (N = 4, C57BL/6 COX-2 Flox/Flox) were maintained at 28°C for 1 month, and then challenged at 5°C for 6 days (n = 2), or maintained at 28°C for another 6 days (n = 2) as per an IACUC-approved protocol. Mice were sacrificed and tissues harvested (subscapular brown adipose, inguinal white adipose, skeletal muscle, brain cerebellum and brain cortex). Tissues were frozen immediately and maintained at −80°C prior to RNA extraction.
Laboratory methods
Cytokine measurement Plasma levels of TNFα, IL-6 and IL-1RA were measured in GENE study subjects by high-sensitivity enzyme-linked immunosorbent assay (Quantikine; R&D Systems, Minneapolis, MN) according to manufacturer's instructions, as described (11) .
Nucleic acid extraction and analysis DNA was extracted from buffy coat samples using a QIASymphony SP instrument (GENE and FFAME Studies) or QIamp mini kit (Trauma and MESSI studies) (Qiagen, Valencia, CA). GENE study subjects were genotyped using the Affymetrix 6.0 SNP chip (Affymetrix, Santa Clara, CA) at the Center for Applied Genomics at the Children's Hospital of Philadelphia (e.g. (42)). Genotyping QC and filtering were applied as described in the Supplementary Material, Methods. After filtering, there were n = 175 EA and n = 96 AA individuals for GWAS analysis. Selected SNPs (rs7805622, rs10238214, rs10248128) were genotyped in the FFAME, Trauma and MESSI studies using Taqman primers and probes on an ABI7900 real-time PCR system (Applied Biosystems, Foster City, CA). RNA was extracted and gene expression analyzed using RNASeq and qPCR as described in the Supplementary Material, Methods.
Statistical and bioinformatic analyses
GWAS of Affy 6.0 SNP genotyped and 1000 genomes-imputed data were analyzed by linear regression using Plink v1.06 (after filtering, n = 574 042 genotyped SNPs) and Mach2qtl v.1.1.0 (43,44) (after filtering, n = 7 043 028 imputed SNPs). QC filtering was applied as described in detail in the Supplementary Material, Methods. Briefly, we filtered for MAF > 0.1, call rate >95%, HWE P > 1 × 10 −8 and imputation r 2 > 0.3. The change in temperature to the average peak time (3.5 h post-LPS, inverse normal transformed) and temperature at baseline (Pre-LPS) were analyzed as our primary and secondary outcome variables. Analysis was adjusted for age and sex (e.g. Model 1, Supplementary Material, Table S3 ). Inclusion of principal components (Model 2, Supplementary Material, Table S3 ) did not impact findings, e.g. rs7805622, P = 5.1 × 10 −12 and 2.4 × 10 −12 in PC-adjusted and non PC-adjusted models, respectively. Association analyses in FFAME applied race-specific linear regression models adjusting for the age, sex and treatment group. Association analyses between SNPs and temperature in the Trauma and MESSI study samples applied race-specific linear regression models, adjusting for age, sex and, for Trauma only, crystalloid resuscitation. Association analyses between SNPs and death were carried out by Fisher's Exact Test. Data were analyzed using SPSS 21 (IBM, Armonk, NY). Expression eQTL interrogation was carried out in Genevar 3.2.0 (http://www.sanger.ac.uk/resources/software/ genevar) (15) using lymphoblastoid cell data from HapMap3 individuals (n = 109 CEU); monocyte eQTL data from 1490 individuals were queried using GHSExpress (http://genecanvas.ecgene.net/ uploads/ForReview/, last accessed on October 2014) (16) . Gene expression (Agilent custom microarray) and SNP genotype (Illumina 650Y BeadChip array) data from liver (n = 956), omental adipose (n = 742) and subcutaneous adipose (n = 610) were tested for association between SNP genotypes and mean log ratio expression measures of genes in each tissue located within 1 Mb of the SNPs of interest, using the kruskal.test procedure in R as previously described (17, 18) . We obtained LD estimates using 1000G Phase 1 version 2 (March 2012, EUR or AFR) (http://www.sph.umich.edu/csg/ abecasis/MACH/download/1000G.2012-02-14.html, last accessed on September 2014) and visualized these using LocusZoom (1000G EUR or AFR March 2012) (45) . RNASeq data were analyzed using Cufflinks v1.3.0 (46) for transcript assembly, and gene expression pre-and post-LPS was compared using the cuffdiff option. To ensure reliable expression estimates, we required the fragments per kilobase of exon per million fragments mapped value to be >10 for at least one of the two samples under comparison. Gene expression differences in LPS-or cold-treated cells and in mouse tissues were assessed by unpaired T tests (SPSS 21, IBM Armonk NY).
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Data and Materials Availability
Summary GWAS results for the association of genotyped SNPs with evoked fever are available in the Supplementary Data file.
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